Chorismate synthase catalyzes the conversion of 5-enolpyruvylshikimate 3-phosphate (EPSP) to chorismate. The strict requirement for a reduced FMN cofactor and a trans-1,4-elimination are unusual. (6R)-6-Fluoro-EPSP was shown to be converted to chorismate stoichiometrically with enzyme-active sites in the presence of dithionite. This conversion was associated with the oxidation of FMN to give a stable flavin semiquinone. The IC 50 of the fluorinated substrate analogue was 0.5 and 250 M with the Escherichia coli enzyme, depending on whether it was preincubated with the enzyme or not. The lack of dissociation of the flavin semiquinone and chorismate from the enzyme appears to be the basis of the essentially irreversible inhibition by this analogue. A dithionite-dependent transient formation of flavin semiquinone during turnover of (6S)-6-fluoro-EPSP has been observed. These reactions are best rationalized by radical chemistry that is strongly supportive of a radical mechanism occurring during normal turnover. The lack of activity with 5-deaza-FMN provides additional evidence for the role of flavin in catalysis by the E. coli enzyme.
sion of (6S)-6-fluoro-EPSP to 6-fluoro-chorismate (11), transient kinetics studies (12) , and more recently, a secondary ␤ deuterium kinetic isotope effect at C(4) (13) . These studies collectively make the radical (Scheme 1A) and E1 (Scheme 1B) mechanisms involving the initial cleavage of the C(3)-O bond the most likely, and alternative mechanisms where the C(6)-H bond breaks first the least likely (8, 14) . Evidence for the radical mechanism (Scheme 1A), which provides a role for the reduced flavin in catalysis, comes from the lack of activity of the bifunctional Neurospora crassa enzyme with 5-deaza-FMN (15) and the formation of a flavin semiquinone with the monofunctional Escherichia coli enzyme and the inhibitor (6R)-6-fluoro-EPSP (16) .
This paper describes new studies with the E. coli enzyme that are strongly supportive of the proposed radical mechanism (Scheme 1A). The product of the reaction with the inhibitor (6R)-6-fluoro-EPSP has been identified, allowing the formation of the stable flavin semiquinone radical in the presence of dithionite to be rationalized. The formation of a flavin semiquinone radical during turnover of (6S)-6-fluoro-EPSP has been observed in the presence of dithionite. In addition, the lack of activity of the monofunctional E. coli enzyme with 5-deaza-FMN has been demonstrated.
EXPERIMENTAL PROCEDURES
Materials-All chemicals and biochemicals were of the highest grade available and, unless stated otherwise, were purchased from Sigma. Sodium dithionite was purchased from BDH (Poole, Dorset, U K). The potassium salt of EPSP was prepared as described previously (17) . Both (6S)-and (6R)-6-fluoro-shikimate (18) were supplied by Zeneca Pharmaceuticals. The 6-fluoro-shikimates were converted to the corresponding 6-fluoro-EPSPs using shikimate kinase and EPSP synthase as described previously (19) , with modifications. The reactions were monitored using HPLC. The products were purified using FPLC without the need for the degradation of ATP and ADP by apyrase. The purified products were freeze-dried directly without the need for barium precipitation and quantified by HPLC using EPSP as a standard. 5-Deaza-FAD was obtained from Prof. Sandro Ghisla, University of Konstanz, Germany. All spectrophotometric measurements were obtained with a 1.0-cm path length. All experiments with chorismate synthase were performed at 25°C, and solutions were buffered using 50 mM MOPS/ KOH, pH 7.5, unless otherwise stated.
Enzyme Purification and UV Assay-Recombinant E. coli chorismate synthase was purified as reported previously (17) , and enzyme concentration was determined using ⑀ 280 ϭ 21,440 M Ϫ1 cm Ϫ1 per subunit (20) . The enzyme was assayed directly by UV spectrophotometry as described previously (21) , and substrate concentrations were determined using this method. Anaerobic assay mixtures contained substrate (50 M), FMN (10 M), potassium oxalate (1 mM), and buffer. The FMN was photoreduced for 3 min with a 250-watt halogen bulb light source with oxalate being the electron source, before the addition of the enzyme to give a final volume of 500 l. The addition of analogues and the order of addition of assay components was altered where indicated. One unit of enzyme is defined as the amount of enzyme required to convert 1 mol of substrate to product in 1 min.
Reactions with (6R)-and (6S)-6-Fluoro-EPSP-Chorismate synthase (1.9 mol in 8 ml of MOPS buffer containing 20% glycerol) was combined with FMN (1.9 mol) and made anaerobic using repeated vacuum/N 2 flush cycles. (6R)-6-Fluoro-EPSP (1.9 mol in 0.33 ml of water) was separately made anaerobic in the same way. MOPS buffer and methanol were made anaerobic by sparging with N 2 for Ͼ1 h. All solutions were subsequently handled in an anaerobic glove box maintained at Ͻ1 ppm O 2 (Belle Technology, Portesham, Dorset, UK). A sodium dithionite solution (10 mM) was made up in the glove box and added in excess (0.85 ml) to the bright yellow enzyme/FMN mixture to reduce completely the flavin giving a pale yellow solution. Finally, the (6R)-6-fluoro-EPSP was added to generate the purple semiquinone flavin radical. After 7.5 min, methanol (19 ml) was added to precipitate the enzyme. The suspension was transferred to a capped centrifuge tube, and the tube was removed from the glove box before being centrifuged (17,000 ϫ g, 10 min, 4°C). All solutions were subsequently handled with exposure to air. The first supernatant (26 ml) was removed and retained. It became yellow on exposure to air. The purple pellet was dissolved in a fresh urea solution (8 M, 9.5 ml) with vigorous agitation to give a yellow solution. The addition of methanol (19 ml) gave a precipitate that gave a white pellet and a second yellow supernatant (27 ml) after centrifugation. The first and second supernatants were subjected to FPLC, and the product-containing fractions from both supernatants were pooled and exhaustively freeze-dried to give an off-white solid. A MonoQ HR10/10 FPLC column was used for preparative and analytical separations. Compounds were eluted with a 0 -1 M, pH 7.7, ammonium bicarbonate gradient at a flow rate of 5 ml min Ϫ1 and monitored by absorbance at 256 nm as follows: shikimate (100 mM ammonium bicarbonate), shikimate 3-phosphate (325 mM), EPSP (500 mM), chorismate (410 mM), (6R)-6-fluoro-EPSP (540 mM), FMN (320 mM), ATP (350 mM), ADP (300 mM), and AMP (210 mM). Inorganic phosphate was determined using a modified molybdate/malachite green method (22) using Triton N-101 instead of Sterox detergent. UV-visible spectra were obtained using a Hewlett-Packard HP8452A diode array spectrophotometer. Spectra of anaerobic samples were obtained using cuvettes that were prepared and sealed in an anaerobic glove box. Kinetic measurements were initiated by adding the final component of reaction mixtures from a side arm fitted to the cuvette.
NMR Spectroscopy-NMR spectra were obtained using a JEOL JNM LA400 spectrometer. 5-Deaza-FMN and HPLC Assay-5-Deaza-FAD was converted to 5-deaza-FMN using Crotalus adamanteus phosphodiesterase I (24) . Anaerobic assay mixtures contained chorismate synthase (between 54 and 245 milliunits), EPSP (50 M), 5-deaza-FMN (between 20 and 50 M), sodium dithionite (1 mM), and MOPS buffer. Reactions were started with the addition of either enzyme or substrate and incubated for between 2.5 and 10 min before HPLC analysis of chorismate using a SAX column as described previously (11, 12) .
RESULTS

Spectral Changes with (6R)-6-Fluoro-EPSP in the Presence of
Dithionite-As reported previously (16) , the addition of stoichiometric (6R)-6-fluoro-EPSP (40 M) to the dithionite-reduced holoenzyme with its FMN bound in the monoanionic form (Fig.  1b) led to the formation of a neutral flavin semiquinone radical ( max 584 nm) that reached a maximum after about 4 min (Fig.   1c) . By using an extinction coefficient independently determined for a chorismate synthase-bound flavin semiquinone radical with similar spectroscopic properties (4,700 M Ϫ1 cm
Ϫ1
(25)), 93% of the enzyme was estimated to be in this form. The flavin radical decayed slowly to a reduced form after 20 h (Fig.  1d ). This reduced flavin species exhibited a spectrum reminiscent of the enzyme-bound neutral form (26), rather than the monoanionic form. Subsequent exposure of the enzyme to air led to the rapid formation of a mixture of semiquinone and oxidized flavin (data not shown). Control experiments with the omission of either enzyme, flavin, substrate analogue, or dithionite gave no formation of flavin semiquinone.
Inhibition by (6R)-6-Fluoro-EPSP-When chorismate synthase was added last to an UV assay mixture that contained (6R)-6-fluoro-EPSP as well as EPSP, it was inhibited (Fig. 2) . The concentration that gave 50% inhibition (IC 50 ) was about 250 M. Since the reaction that occurs between (6R)-6-fluoro-EPSP and the enzyme occurs on the minute time scale and the K m for EPSP is 1.3 M (21), it is possible that EPSP outcompetes the analogue when they are presented simultaneously to the enzyme. When the enzyme was preincubated in assay mixtures with (6R)-6-fluoro-EPSP in the presence of reduced FMN for 5 min before the final addition of EPSP, the enzyme was inhibited more strongly (Fig. 3) . In this case, the IC 50 was 2 orders of magnitude lower at 0.5 M. This result shows that the analogue is a more potent inhibitor after it has oxidized the flavoenzyme to the semiquinone form. When the preincubation time before the final addition of EPSP was extended to 2 h, the enzyme recovered full activity only when the (6R)-6-fluoro-EPSP concentration was Ͻ1 M. This indicated that the inhibition of the enzyme is not absolutely irreversible. However, at concentrations of Ͼ2.4 M, the enzyme was fully inhibited for at least 14 h, suggesting that the decay of the inhibited form of the enzyme is extremely slow.
The Fate of (6R)-6-Fluoro-EPSP-In order to identify whether (6R)-6-fluoro-EPSP is consumed during the oxidation of the flavin and inhibition of the enzyme, small scale reactions were set up where the substrate analogue was added last to a mixture containing enzyme and dithionite-reduced FMN. Since inhibition is essentially irreversible, the analogue, enzyme, and FMN were added stoichiometrically (200 M). HPLC and FPLC analyses of these reactions, where the mixtures were injected directly onto the columns after incubation between 5 and 60 min, showed that the analogue was completely consumed in each case. A single new peak appeared in each with a retention time similar to that of chorismate but not of shikimate 3-phosphate. This suggested that the substrate analogue had lost its phosphate group but not its enolpyruvyl side chain. When the reaction mixtures were incubated for longer periods of up to 8 h, the product appeared to have become partially decomposed, giving several new breakdown products. No conversion of the analogue was observed in control experiments where either enzyme, flavin, substrate analogue or dithionite was omitted. Therefore, chorismate was only formed under condi- SCHEME 1. tions where the flavin semiquinone was formed.
When similar reactions using photoreduced-FMN, rather than dithionite-reduced FMN, were analyzed by HPLC, several peaks was obtained. Although some of the chorismate-like compound was observed, there were substantial amounts of starting material left as well as a new peak with an unusually long retention time and other minor peaks.
The characterization of the main product required a larger scale reaction and a purification protocol that allowed its isolation from the other components of the reaction mixture. Moreover, the product required removal from an enzyme complex with denaturants. Given the essentially quantitative conversion of the analogue to a single chorismate-like product in the presence of dithionite, this system was chosen for scale up. Trial experiments involving the denaturation and precipitation of the enzyme using either trichloroacetic acid or HClO 4 , followed by neutralization with either sodium hydrogen carbonate or potassium acetate, appeared to remove the protein successfully. However, the product of the reaction was not stable to acidic treatments.
The observation that the enzyme precipitated in 67% methanol provided the key step to a milder protocol. After 7.5 min incubation of a complete reaction mixture on a large scale (200 M; 1.9 mol; 75 mg of protein), the intense purple color of the flavin semiquinone radical was fully formed. The anaerobic addition of methanol allowed the isolation of a purple enzyme complex by centrifugation, giving a supernatant that was pale yellow until exposure to air, when it became bright yellow. The pellet dissolved in 8 M urea with vigorous agitation to give a bright yellow solution on exposure to air. The addition of methanol once again allowed the isolation of the protein giving a second bright yellow supernatant and a white protein pellet.
Visible spectroscopy of the first and second air-exposed supernatants gave normal oxidized FMN spectra with yields of 55 and 40%, respectively, with no indication of other FMN-derived species. Both supernatants were subjected to FPLC (Fig. 4) . The performance of the MonoQ column was not affected by the methanol. Furthermore, the presence of uncharged urea, unlike guanidine, did not preclude its use either. Only a small amount of starting material, present solely in the first supernatant, was left unreacted. The majority of the substrate analogue was converted to the single chorismate-like product that was present in both supernatants. UV-visible spectroscopy of the main product-containing fraction from the second supernatant gave a spectrum with an absorbance maximum at about 276 nm with a trough at about 256 nm. A similar spectrum was obtained with the first supernatant. Both spectra are similar to those of chorismate ( max 274 nm (27) ) indicating that the product was most probably a diene rather than an allylic, aliphatic, or aromatic compound. The product-containing fractions from both supernatants were combined and exhaustively freeze-dried to give an off-white solid.
The purified product exhibited no detectable 31 P (between 60 and Ϫ65 ppm) or 19 F (between Ϫ150 and Ϫ210 ppm) NMR spectra, indicating that both phosphate and fluorine were eliminated from the substrate analogue. The 1 H NMR spectrum of the product gave dominant resonances in the sp 2 carbon region that were identical to those of chorismate (Fig. 5) . Further confirmation that the product was chorismate came from COSY experiments that showed connections between the C2-3, C5-6, and C8 -8 resonances. The isolated yield of chorismate from the first and second supernatants was estimated to be about 40 and 25%, respectively, from its UV spectrum (⑀ 275 ϭ 2630 M Ϫ1 cm Ϫ1 ) and by comparison of the areas under the FPLC peaks. Therefore, chorismate was the product of the reaction.
Additional complex and overlapping signals were also observed in the aliphatic sp 3 region of the 1 H NMR spectrum (3.6 -1.7 ppm) that bore no resemblance to either shikimate derivatives or other components of the experimental system. Since chorismate was the only product of the reaction according to HPLC and FPLC and its final concentration in the final sample was low (theoretical maximum of 0.6 mg ml Ϫ1 ), it is likely that impurities such as plasticizers could be responsible for these peaks. Over a period of days at 5°C, new signals were observed that were indicative of the aromatization of chorismate by oxidative 4,5-dehydrogenation (␦ H 8.44 (1H, s), 7.69 (1H, d, J 7.5 Hz) and 6.63 (1H, d, J 7.5 Hz)). Over this time scale, the aliphatic peaks did not change.
It was not possible to detect the release of inorganic phosphate in either of the supernatants from the large scale experiment due to the high background level of phosphate originating primarily from the enzyme preparation. Similar small scale experiments using enzyme that was exhaustively dialyzed with MOPS buffer containing 50 mM K 2 SO 4 allowed the detection of inorganic phosphate in 52 and 13% yields in the first and second supernatants, respectively. The low yield in the second supernatant may have reflected a greater difficulty of denaturing the complex on the small scale with urea. The recovery of FMN from such small scale experiments was similarly lower than expected. In any case, the net formation of at least 65% inorganic phosphate is entirely consistent with the analogue forming chorismate as the main product.
Effect of Dithionite on the Turnover of (6S)-6-Fluoro-EPSP-It has previously been shown that (6S)-6-fluoro-EPSP
is slowly but quantitatively converted to 6-fluoro-chorismate by chorismate synthase under steady-state conditions whether the flavoholoenzyme is reduced by dithionite or by photoirradiation before the addition of the substrate analogue (11) . We now report that the enzyme forms a transient semiquinone flavin radical during multiple turnover experiments in the presence of dithionite-but not photo-reduced flavin.
The transient formation of a neutral reduced flavin is observed during turnover of the normal substrate (17, 26, 28) and during a single turnover of (6S)-6-fluoro-EPSP (11) . On the addition of an 18-fold excess of (6S)-6-fluoro-EPSP to the enzyme-bound monoanionic dithionite-reduced FMN (Fig. 6b) , the enzyme-bound neutral reduced FMN species (⌬ max 386 nm, Fig. 6c ) was rapidly formed within 15 s (Fig. 7, circles) . It was estimated that about 90% of the active sites were converted to this form (⑀ 386 ϳ6000 M Ϫ1 cm Ϫ1 (11, 12) ). Unusually, a little semiquinone radical had also formed within 15 s, which accounted for the remaining 10% of the active sites. The amount of the radical increased to a maximum of 44% (⑀ ϳ5200 M Ϫ1 cm Ϫ1 (25)) after 3 min and remained at the same concentration during the remainder of the period of turnover (Fig. 6d and Fig. 7, squares) . This neutral semiquinone radical absorbs at longer wavelengths ( max ϳ606 nm, Fig. 6d ) than that formed with (6R)-6-fluoro-EPSP ( max 584 nm, Fig. 1c) . Since the extinction coefficients of both the neutral reduced flavin and this form of the radical are very similar at 386 nm (12, 25) , the absorbance at this wavelength changed little as about half of the former was converted to the latter (Fig. 7, circles) . Both of these flavin forms decayed after about 7 min (Fig. 7) , when the substrate was exhausted, to give the monoanionic reduced flavin spectrum again (data not shown but similar to Fig. 6b) . Similar results were obtained when the initial concentration of the substrate analogue was lower. However, with fewer than 5 turnovers, proportionately less semiquinone radical was formed from the neutral reduced flavin such that it accounted for less than 2% of the active sites during a single turnover.
By contrast, when the flavin was photoreduced before the addition of the analogue, all of the active sites transiently formed the neutral reduced flavin form only, whatever the analogue concentration. Furthermore, with more than 5 turnovers, they were completed within half the time observed with dithionite-reduced flavin on basis of the longevity of the spectral changes. It is therefore clear that dithionite is somehow involved in the formation of the semiquinone in half of the active sites during turnover with this analogue and that the semiquinone form of the enzyme is not catalytically active.
Activity with 5-Deaza-FMN-Reconstitution of the enzyme with 1,5-dihydro-5-deaza-FMN gave 0.2 Ϯ 0.1% the activity determined with reduced FMN. Control assays without any added flavin gave 0.3 Ϯ 0.2% the activity and those without any enzyme gave none. This suggests that the purified recombinant E. coli apoenzyme contains 0.3% holoenzyme and exhibits Ͻ0.3% activity when reconstituted with 5-deaza-FMN. Similar results were obtained with 1,5-dihydro-5-deaza-FAD, where reduced FAD-reconstituted enzyme gave 70% the activity of the reduced FMN-containing holoenzyme. The holoenzyme content could not be lowered using either gel filtration or dialysis.
DISCUSSION
This paper describes three pieces of experimental evidence for the radical mechanism in the chorismate synthase reaction (Scheme 1A) as follows: the formation of chorismate from (6R)-6-fluoro-EPSP, the interception by dithionite of the turnover of (6S)-6-fluoro-EPSP, and the lack of activity of the E. coli enzyme with 5-deaza-FMN. Each is discussed in turn below.
It is clear that the major product of the reaction between (6R)-6-fluoro-EPSP and the dithionite-reduced holoenzyme was chorismate, according to HPLC, FPLC, and both NMR and UV spectroscopies. This unexpected reaction must therefore involve the loss of phosphate, which was detected as inorganic phosphate, and fluoride. Chorismate was produced from the analogue only under conditions where the flavin semiquinone was formed, strongly indicating the involvement of radical chemistry in this transformation. The most likely mechanism for this chemistry is shown in Scheme 2. Once a ternary complex is formed between the reduced holoenzyme and the analogue, a single electron is transferred from the low potential flavin to the analogue. This promotes the elimination of the phosphate group to generate an allylic radical. This intermediate is incapable of transferring an electron and proton to the flavin from the 6R position due to its (6R)-fluoro group. The longevity and solvent exposure of this potentially reactive allylic intermediate appears to be sufficient to allow its one electron reduction by dithionite. The resulting allylic anion would then undergo facile fluoride elimination to generate chorismate as the final product. Although the flavin semiquinone appears to be protected by the enzyme, it too is eventually reduced by dithionite. Since it is very difficult to conceive of a mechanism for this transformation that does not involve the initial electron transfer from the flavin to the substrate analogue, it can be concluded that this result provides strong evidence for such an initial step during normal catalysis.
When (6R)-6-fluoro-EPSP reacts with the photoreduced holoenzyme, chorismate is one of several products formed according to HPLC. It would therefore appear that in the absence of the one electron reductant dithionite, the reactive allylic radical formed from this analogue breaks down in several different ways. This is consistent with the more complicated spectral changes observed during the reaction under these conditions. Although only 50% of the active sites form the flavin semiquinone, an as yet unidentified species which absorbs at long wavelengths ( max 650 nm) is also transiently formed (29) .
(6R)-6-Fluoro-EPSP is clearly a slow acting and essentially irreversible inhibitor of chorismate synthase giving IC 50 values of 0.5 and 250 M, depending on whether the enzyme was preincubated with the analogue or not. There is no evidence for the covalent modification of the protein or the flavin. There is every indication that it is a stable enzyme complex, with flavin semiquinone, chorismate, and probably phosphate-bound, that is the inhibited form. These results therefore imply that the enzyme has a low affinity for (6R)-6-fluoro-EPSP (ϳ250 M) when in the reduced flavin form and a relatively high affinity for chorismate (Ͻ0.5 M) when in the flavin semiquinone form. The enzyme is known to undergo a large conformational change after the sequential binding of oxidized flavin and then substrate (30) . It would be interesting to know whether the inhibited complex has also undergone such a conformational change. The formation of the inhibited chorismate synthase complex is most probably the basis for the mode of action of the antibiotic (6R)-6-fluoroshikimate (31). For comparison, the K i value for this analogue with the N. crassa enzyme is 3.0 M (19).
Although the monoanionic reduced flavin initially becomes protonated as normal in all of the active sites during multiple turnovers with (6S)-6-fluoro-EPSP, 50% of the flavin becomes transiently oxidized to a semiquinone in the presence of dithionite. This is best rationalized as the one-electron reduction of the corresponding allylic radical intermediate by dithionite, similar to that described above for (6R)-6-fluoro-EPSP, in 50% of the active sites. Although electron and proton transfer between the radical intermediate and the flavin semiquinone would not be blocked by the (6S)-fluoro group, it would appear that the intermediate is sufficiently solvent-exposed and long lived for its reduction by dithionite in 50% of the active sites during multiple turnovers. The resulting allylic anion is very likely to eliminate fluoride leading to the formation of chorismate is this case also. The only product detected (Ͼ99%) in steady-state assay mixtures containing dithionite is 6-fluorochorismate (11) . Therefore, it would appear that the active sites that undergo this chemistry are blocked with regard to the catalytic formation of chorismate, as is the case with (6R)-6-fluoro-EPSP.
During turnover of (6S)-6-fluoro-EPSP in the presence of photoreduced flavin, none of the flavin forms the semiquinone, and the total reaction time is halved. This is entirely consistent with the interception by dithionite of the allylic radical in 50% of the active sites and their subsequent dead-end inhibition, analogous to that with (6R)-6-fluoro-EPSP. These results therefore provide additional support to the proposed radical mechanism of normal turnover.
An intriguing feature of chorismate synthase is the divergent course of the chemistry at half of the active sites with substrate analogues under specific circumstances. These include the transient formation of ϳ1:1 neutral reduced and semiquinone flavin with (6S)-6-fluoro-EPSP and dithionite as described above and the transient formation of ϳ1:1 semiquinone and a species with long wavelength absorbance with (6R)-6-fluoro-EPSP and photoreduced flavin (29) . Another feature of the reaction with (6R)-6-fluoro-EPSP and dithionite-reduced flavin is the release of about 50% of the flavin, chorismate, and phosphate from the enzyme complex on precipitation with methanol. Given the fact that 100% of the enzyme was in the semiquinone form prior to the treatment with solvent, it is likely that the methanol directly promoted the release of these ligands. Nevertheless, only 50% of the active sites were sensitive to this treatment. Although these results suggest some sort of cooperativity of the tetrameric enzyme, there is no evidence of it with the normal substrate. Although it is difficult to rationalize these phenomena without detailed structural information, it implies asymmetry within the enzyme tetramer.
The flavin semiquinones formed with the two fluorinated substrate analogues have different absorbance spectra and different rates of reduction by dithionite. The existence of two spectrally distinct neutral flavin semiquinones with chorismate synthase has been documented previously (25) . Although the semiquinone with absorbance at longer visible wavelengths probably experiences a more hydrophobic environment (32) , it is still not clear what causes the environment, reactivity, and spectroscopic properties of the flavin semiquinones to be different.
The lack of activity with 1,5-dihydro-5-deaza-FMN described here strongly indicates the involvement of flavin in catalysis by the E. coli enzyme (33) . A similar result has previously been SCHEME 2. reported for the bifunctional N. crassa enzyme (15) , which possesses an additional NADPH:FMN oxidoreductase activity (3) . The possibility that the flavin analogue does not bind to the E. coli enzyme can be ruled out because it has been shown to do so in both its oxidized and reduced forms in the presence of EPSP (26) . The lack of activity of the enzyme with reduced 5-deaza-FMN provides additional support for the proposed radical mechanism.
This paper provides strong evidence for the radical mechanism in the conversion of EPSP to chorismate by chorismate synthase. A key question is how the enzyme substantially lowers the reduction potential of the FMN in order to allow this unusual chemistry to occur in a controlled way, particularly when model electrochemical systems indicate decarboxylation, rather than phosphate elimination, is possible (34) . A crystal structure of this enzyme should provide further information about how this radical chemistry is achieved.
